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Abstract: Zeolites are promising materials in the field of gas sensors. In this 
technology-oriented paper, a planar setup for potentiometric hydrocarbon and hydrogen gas 
sensors using zeolites as ionic sodium conductors is presented, in which the Pt-loaded 
Na-ZSM-5 zeolite is applied using a thick-film technique between two interdigitated gold 
electrodes and one of them is selectively covered for the first time by an electroplated 
chromium oxide film. The influence of the sensor temperature, the type of hydrocarbons, the 
zeolite film thickness, and the chromium oxide film thickness is investigated. The influence 
of the zeolite on the sensor response is briefly discussed in the light of studies dealing with 
zeolites as selectivity-enhancing cover layers. 
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1. Introduction 

Zeolites are microporous, crystalline alumino silicate materials with an enormous inner surface. Their 
special fi-amework structure and their associated unique physicochemical properties make them an 
interesting class of materials that is used for catalysts [1], ion exchangers [2], and gas adsorbers, for 
instance, in automotive exhaust gas aftertreatment applications [3]. Zeolites are composed of [8104]"^ 
and [A104]^ tetrahedra with the metal ion in the centre being linked to oxygen corners. The pure 
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silicate framework is uncharged, but an alumino silicate framework comprises one negative charge per 
[A104]^ tetrahedron [4]. To compensate the negative charge, mobile exchangeable cations, e.g., Na^, 
or Ca'^ are incorporated into the zeolite lattice. The general chemical formula of zeolites is: 

A;;[(SiO,X.(A10-)J.zH,0 

Here, A is a mobile and exchangeable cation with the charge m, x + 3; is the number of tetrahedra per 
crystallo graphic unit cell, and xly is the Si/Al ratio of the framework [1]. The Lowenstein rule reveals 
that xly > 1, meaning that Al-O-Al bonds are forbidden and only Si-O-Si or Si-O-Al bonds are 
allowed [5]. The tetrahedra are linked to larger composite building units, like the sodalite cage or the 
pentasil unit [6]. The latter is the characteristic composite building units of the zeolite type ZSM-5, 
which is used in its sodium modification in our work. Pentasil units are built up to chains that estabUsh 
the framework structure of ZSM-5. The two-dimensional pore system is connected by zigzag 
channels [7]. The diameter of the channels is 0.56 x 0.53 nm and 0.55 x 0.51 nm [1]. 

Some recent applications of zeolite films and membranes are reviewed in [8]. Compared with 
semiconducting oxides, zeolites have rarely been investigated for gas sensing purposes. Recent 
reviews [9-11] point out that zeolites are either used as filters (more generally described as "auxiliary 
elements" [12]) or as ftinctional elements for sensor principles relying directly on the conductive, 
adsorptive, or catalytic properties of the zeolite, triggered by the zeolite's interaction with the 
surrounding atmosphere. In some pronounced applications, a selective adsorption of an analyte changes 
the electrical impedance of the zeolite. This principle can be utilized, for instance, for hydrocarbon gas 
sensing [13-15], for ammonia gas sensing [16], or for water vapor detection [17,18]. Usually, the 
sensors are manufactured in a planar technology with the zeolites being screen-printed onto 
interdigitated electrodes (abbreviated as IDE in what follows) that have been previously applied on 
insulating alumina substrates. The typical operation temperature is between 200 and 500 °C. The 
advantage of the planar setup is a fast diffusion of the analyte through the zeolite with the result of a 
fast sensor response. In the case of the ammonia sensor, it is obvious that the bulk properties change 
with ammonia adsorption [19], whereas in some hydrocarbon sensors, electrode/bulk interactions seem 
to play a major role [20]. The detailed effect remains a subject of discussion [21,22]. 

Besides the impedimetric principle, a potentiometric setup, where a potential difference, [/, between 
two electrodes is the measurand, has been suggested for hydrocarbon sensing [23] in a recent approach. 
It comprises bulk-type plane-parallel polished zeolite discs with a gold electrode on one side and 
a solid-state reference electrode of Nao.85Co02 that provides a constant sodium activity on the other 
side [24]. A disc of BaC03/Na2C03 composite (after [25]) served as a Na^ ion bridge to seal the 
reference electrode hermetically from the surrounding gas phase. The setup shows a good hydrocarbon 
sensitivity but is cross-sensitive to CO2 and O2 (as a result of the sodium reference). In addition, the 
bulk-type setup with the sodium reference is too complicated from an application-oriented point of 
view. As shown in [26], the bulk-type setup with solid-state reference electrode of Nao.85Co02 shows a 
semilogarithmic behavior of the sensor signal U vs. propane concentration, however, only in the percent 
range. The origin of the formation of the potential difference U between both electrodes is under study 
and will explicitly not be discussed here. The interested reader is referred to the literature [21,22,27]. 
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Very recently, a planar potentiometric zeolite-based gas sensor has been described [28]. In this very 
initial study, one of the two gold electrodes is selectively covered by evaporation with different metal 
oxides with a thickness of only a few nm. The electrodes are covered with a thick- film of Pt-loaded 
zeolite ZSM-5. Different sensor configurations have been measured and almost all of them show a 
hydrogen sensitivity. Some of the sensors show a cross-sensitivity towards hydrocarbons, which was 
exemplarily shown for butane as a representative hydrocarbon. 

The purpose of the present work is to transfer the sensor setup of [28] into a vacuum technique-free 
low-cost production technology to produce hydrocarbon or hydrogen gas sensing devices. This work 
should also be seen as an explorative approach to study the parameters that affect the sensor response 
and the cross-sensitivity. Especially, the sensor response towards different hydrocarbons will be 
investigated in detail. At the end, the influence of the zeolite on the sensor parameters is briefly 
discussed and compared with literature data. 

2. Experimental 

The schematic sensor setup is depicted in Figure 1. On an alumina substrate (96% AI2O3 Rubalit 
708S, CeramTec) two interdigitated Au electrodes were screen-printed (paste KQ500, Heraeus). The 
line and space widths of the electrode fingers were 100 |Lim, the thickness of the gold thick- film 
electrodes was 5 |Lim in average. The transducers were heat treated in air at 850 °C for 15 min. 

Figure 1. (a) Top view of the sensor; (b) Cross section of the sensor. IDE is an 
abbreviation for interdigital electrodes. 
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Figure 2(a) shows a transducer after firing. Then, one interdigital Au electrode of each IDE was Cr 
electroplated with Pb as a counter electrode. Impedimetric zeolite-based gas sensors with one chromed 
interdigital electrode have recently been presented [29]. The procedure in this present work adopts this 
electroplating. The transducers were dipped into a Cr containing solution (Glanzchrombad CR 843, 
Atotech), covering the interdigital electrode completely. One electrode was connected to a constant 
current source (Keithley SourceMeter 2400) to apply an electric current. The interdigital electrode acts 
as the cathode, the Pb electrode as the anode. The electroplating process was operated at room 
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temperature for 40 s with varied currents (currents decreased during the process to final values noted 
below and in the figures). 

Figure 2. (a) Screen-printed and sintered interdigital gold electrodes; (b) One selectively 
electroplated Cr-covered gold electrode; (c) Entire setup with screen-printed zeolite-layer. 




For the covers generated with different currents, one observed a change in the coloring, a first hint 
for different Cr film thicknesses. The thickness of the Cr cover increased with the current. From the 
coloring, it is estimated that Cr films prepared with the same current during the electroplating process 
have the same thickness [Figure 2(b)]. Table 1 displays the current, the corresponding coloring of the 
Cr covering and the estimated thicknesses of the Cr and the Cr203 cover. The evaluation of the 
thickness of the Cr respectively Cr203 cover was not successful by SEM imaging, probably due to the 
very thin Cr203 layer. However, an estimation can be given by calculating the thickness of the Cr layer 
with respect to the transferred electrons during the plating process. According to Equations (2), 
corresponds to the charge (current / for the time t) divided by the elementary charge e\ 

I't 

= — (2) 



The chromium layer is assumed to be a dense layer and the thickness can be deduced fi-om the molar 
volume Fm,cr. By Equation (3), the Cr layer thickness dcr is defined as the Cr volume divided by the IDE 
surface area A. If one assumes six transferred electrons per Cr atom on the metal surface, dcv can then 
be calculated fi*om Equation (3): 



d =^ 



m,Cr 



(3) 



By oxidizing the chromium layer to Cr203, the molar volume changes. Hence, the factor z is 
introduced according to Equation (4) to calculate the change in the volume and the layer thickness by 
the cube root. An additional factor a is experimentally identified as an efficiency factor for the process. 
This factor is measured by a plating time of 120 s. The resulting chromium layer can be measured and 
compared to the calculated thickness dcv The outcome of this is an efficiency factor ofa = 0.4073. 
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- = 3ly=f51» 1.263 

^ * ^m,Cr 

(5) 

Thus, the Cr203 layer thickness can be estimated according to Equation (5) and is presented for the 
different current levels in Table 1 . 

Table 1. Results of the Cr electroplating. 

Final current during the Coloring of the Cr Thickness of the Cr Thickness of the 
electroplating process cover cover dcr CviOs cover d 



1 0 mA illlllllllllll 1 99 nm 25 1 nm 



6 mA ^^■iil i'l'^ 1 1 9 nm 1 50 nm 




3 mA lllmllillllll 



Reasons for the decreasing current during the galvanic process may be found on the Pb counter 
electrode, in the Cr containing solution and in the limit of the voltage. After a few plating processes, the 
Pb electrode showed a yellowish layer on the surface. This coating could have had a passivation effect, 
meaning that the number of electrons that is emitted by the Pb counter electrode is reduced. Also, the 
number of Cr^^ ions decreased during the electroplating. Consequently, the transport of Cr ions in the 
solution would have been hindered. In any case, the voltage limit of the current source had limited the 
current. If the voltage was too high for the preset current of 30 mA, the constant current source would 
have lowered the current due to the voltage limit. Therefore, the thicknesses of the layers may be 
smaller than the calculated values in Table 1, which should be considered only as a 
maximum estimation. 

The Pt loaded zeolites (1, 2, and 3 wt% Pt) were prepared with Na^-ZSM-5 zeolite powder 
(Siid-Chemie, SN-27, Si02/Al203 ratio = 25,) by ion exchange in an aqueous solution of 
tetraammineplatinum(II) chloride (56.4 wt% Pt, Alfa Aesar). The suspension was stirred at room 
temperature for 24 h. After filtration, the residue was washed with water until no AgCl could be 
obtained after adding AgNOs solution to the filtrated acidulated water. The Pt exchanged zeolite was 
dried for 12 h at 120 ^C (after [27]). 

Afterwards, the zeolite was reduced, either by NaBH4 or hydrogen (5% H2 in N2) according to [27] 
and [30], respectively. For the first reduction route, NaBH4 (Merck) was dissolved in water before the 
Pt loaded zeolite was added while stirring. After stirring for 24 h at room temperature, the zeolite 
powder was filtered, washed with water and dried at 80 °C for 12 h. The second way of reduction was 
carried out in a vertical fiimace. The ion exchanged zeolite powder was heated to a maximum of 450 °C 
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(heating/cooling rate: 10 °C/min) in a reducing gas atmosphere. The type of reduction influenced the 
species of mobile cations in the channel system of the zeolite and therefore the ionic conductivity. 
Reduction with NaBH4 leads to preservation of Na^, reduction in hydrogen leads to certain exchange of 
Na^ to in the channels [30]. Therefore, the reduction method influences the ionic conductivity, which 
increases with higher sodium content. As the inner resistance of the ion conducting zeolite phase should 
be low to avoid noise in the voltage measurement, we tried both methods. From a catalytic point of 
view, the containing zeolites should provide better properties. 

The reduced zeolite powders were processed to screen-printable pastes by mixing them with organic 
binders (KD 2721, Zschimmer & Schwarz) and homogenizing the mixture in a roller mill. The zeolite 
pastes were screen-printed on the Au/AuCr interdigital electrodes. To increase the thickness of the 
zeolite cover (one layer equals -25 |im), the transducers were dried for 5 min at 110 °C. Then, another 
layer of the zeolite paste was priated. The pastes were annealed for 6 h at 450 °C (heating rate: 
0.8 "^C/min). During the heat treatment, the organic compounds were removed and the Cr covers on the 
interdigital gold electrodes were oxidized to Cr(III) oxide. A picture of a final sensor is shown in 
Figure 2(c). The SEM micrographs (Figure 3) show cross sections fi-om zeolite layers of different 
thicknesses. The thickness increases almost linearly with the number of screen-printed layers. The 
Cr(III) oxide layer on the opposite fingers of the interdigital electrode is not observable with this 
analysis method. 

Figure 3. SEM micrographs of the cross section of a sensor with (a) one (-25 |Lim); 
(b) two (-50 |Lim); (c) three (-75 |Lim); and (d) four (-100 |Lim) screen-printed zeolite layers 
on gold interdigital electrodes on alumina substrates. 




By this sensor preparation process, a wide variety of sensor setups could have been realized as 
shown in the modification matrix in Table 2. 
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Table 2. Variation of sensor components. 



Pt content of the 
zeolite layer 


Reduction route 
of the zeolite 


Number of zeolite layers/ 
thickness of zeolite layer 


Thickness of the 
CriOs layer d 


1 wt% 


NaBH4 


1/25 |Lim 


251 nm 


2 wt% 


H2 


2/50 |im 


150 nm 


3 wt% 




3/75 |Lim 


75 nm 






4/100 |im 





For the sensor measurements, the base gas atmosphere was composed of 10% O2 and 2.5% H2O in 
an N2 flow. 500 and/or 1,000 ppm of the test gases H2, CH4, C2H6, C3H8, or n-C4Hio were added. The 
total gas flow was 600 mL/min. The sensor output is the potential difference, t/, between both 
electrodes. Some authors denote this also as an electromotive force {emf). The potential difference 
U was measured with a digital multimeter (Keithley 2700, input resistance > 10 GO) in a tube fiimace 
(the setup is described in Figure 4), in which the gas sensors were heated to 300, 350, or 400 °C. 
Further details of the test setup are given in [31]. The gas exchange time of this test bench is about 75 s. 
To compare the results of different experiments, the sensor response At/, which is defined as the 
difference of t/ in the base gas atmosphere and U in test gas atmosphere is plotted. 



Figure 4. Setup of the gas sensor test bench. 
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3. Results and Discussion 



3.1. Influence of the Platinum Loading and of the Sensor Temperature 



Initial tests were carried out to determine an optimum sensor temperature and Pt content. Sensors 
for that purpose were covered with one zeolite layer. Zeolites were loaded with 1, 2, and 3 wt% Pt and 
all were reduced in hydrogen. The applied temperatures were 300, 350, and 400 "^C. 

The measurement shown exemplarily in Figure 5 was conducted at 400 °C. It shows the response of 
a sensor toward H2 (500 ppm) and C3H8 (500 and 1,000 ppm). An obvious effect is that the potential 
difference U increases with H2, which is in contrast to CsHg exposition that yields an opposite effect. 
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Figure 5. Potential difference U of sensors to H2 and CsHg with differently platinum-loaded 
zeolites at 400 °C. 
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Figure 6. Sensor output change /SXJ for differently platinum-loaded zeolites when exposed 
to (a) 500 ppm H2 and to (b) 1,000 ppm CsHg. Please note the opposite sign in figure (b). 
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Figure 6 shows the response to 500 ppm H2 (a) and to 1,000 ppm CsHg (b). Independent fi*om the 
Pt content, one observes the maximum change of AC/ at 350 "^C, except for the measurement with 
3 wt% Pt. In this case we assume such high catalytic activity that no temperature influence is observed. 
For a Pt content of 2 wt%, the sensors show — not depending on the temperature — the highest AC/ to 
hydrogen. In contrast, the signal to propane decreases with a higher Pt loading. The response to H2 is 
significantly higher than the response to CsHg. The faster diffusion and higher reactivity of hydrogen 
compared to propane may be a hint for the explanation of the sensing mechanism. The response time, 
^90, towards hydrogen was between 60 and 200 s, and towards propane between 100 and 500 s. At a 
temperature of 350 °C, /^9o for H2 decreases with increasing Pt content. No further trends could be 
observed for the response time. In the next step, the influence of the sensor response on the chain length 
of admixed hydrocarbons was investigated. 
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Figure 7. Sensor output change At/ as a function of hydrocarbon chain length and Pt 
loading of the zeolite. 
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CH4, C2H6, CsHg, and n-C4Hio, each of them in a concentration of 500 ppm, were added to the base 
gas separately. The sensor response at 300 °C is plotted in Figure 7 in dependence of the chain length of 
the alkanes for different Pt contents of the zeolite. One can observe that both a lower Pt loading and a 
higher C-atom number leads to a higher sensor response. 

3.2. Influence of the Chromium Oxide Layer Thickness 

Further experiments were conducted to determine the effect of the thickness of the thin Cr203 film 
covering one electrode. Sensors in accordance to Figure 1(b), Cr-electroplated with currents of 3, 6, 
and 10 mA, respectively, were tested. The zeolite film layer was made of a 3 wt% Pt loaded zeolite 
powder, reduced by NaBH4. Typical response curves towards 500 ppm H2 added to the base gas are 
shown in Figure 8(a) (for 400 °C) for the three different oxide film thicknesses. 

Figure 8. (a) Sensor response At/ to an addition of 500 ppm H2 to the base gas at 400 °C; 
(b) Dependence of At/ upon temperature and Cr203 film thickness. 
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From these curves, the sensor response time and the sensor output change At/ [Figure 8(b)] was 
determined. The sensor responds faster for thinner chromium oxide layers (^90 = 84 s for the thinnest 
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oxide layer at 400 which is close to the gas exchange time of the test bench). The response time ^90 
of the sensors with different thicknesses of the Cr203 film is shown in dependence of the temperature in 
Figure 9. 

Figure 9. Dependence of the response time upon temperature and Cr203 film thickness. 
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The thickest layer, obtained with a galvanic current of 10 mA, does not even reach a final constant 
voltage. In contrast to the response time, a thicker oxide film increases the sensor signal. From the 
shape of the sensor response signal fi-om Figure 8(a), one may assume that a second effect occurs at 
higher film thicknesses. It is astonishing that the sensor output U is by far more affected by the oxide 
film thickness than by the sensor temperature. 

3.3. Influence of the Thickness of the Zeolite Layer 

On sensors covered with different numbers of zeolite layers, the influence of the thickness of the 
zeolite layer was investigated, exemplarily shown at 350 °C. Since Figure 6 revealed the highest 
sensitivity for 2 wt% Pt loaded samples, the zeolite powders were loaded with this Pt amount and were 
reduced in hydrogen. The results are summarized in Figure 10. 

Figure 10. At/ for different aUcanes in dependence of the number of zeolite layers. 
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The highest sensor output change At/ was obtained for two zeolite layers (approximately 50 (im) for 
all alkanes. Again, the dependency of At/ upon the alkane chain length can be observed. The response 
time towards C2H6 shows a similar trend as the sensor signal. The minimum t^o was found for two layers 
of zeolite with 124 s. For all other alkanes no certain trend could be observed. For methane, the 
response was very slow (about 500 s), for CsHg and for n-C4Hio, the response time was between 160 s 
and 260 s. These results agree to some extent with carefiil investigations of ZSM-5 zeolite filter layers, 
applied on top of conductometric sensors. In reference [32], the effect of Pt loaded zeolite cover layers 
has been quantitatively explained by a diflRision-reaction model, which states that hydrocarbons need to 
diflRise through the zeolite pores and get oxidized during the passage through the catalytically active 
zeolites. Furthermore it had been found out, that the response time ho of the sensor increases with an 
increased cover layer thickness, in other words, the porous cover layer can be considered as a diflRision 
barrier. For cover layer thicknesses above 50 |Lim, a strong increase of the sensor response time had 
been found, leading to sensor response times in the range of over 210 s. Based on the results of 
reference [32], we can assume that during the diffusion through the zeolite layer, the concentration of 
the analyte gets reduced. This may explain the decrease of the sensor signal for more than two layers, as 
shown in Figure 10 (this effect is especially visible for CH4; this compound could not even be detected 
at 350 °C by a sensor covered with three zeolite layers containing 2 wt% Pt). 

At first glance, it seems strange that the sensor signal increases with an increasing zeolite layer 
thickness (fi-om one to two layers). However, this agrees with findings in reference [33], also for 
conductometric sensors. There, the response to 500 ppm saturated hydrocarbons as well as to 
1,000 ppm H2 increases with a catalytically activated Pt loaded ZSM-5 filter layer. This is exactly what 
is observed here. One may speculate that during the diflRision through the zeolite a partial oxidation 
reaction occurs, leading to very reactive intermediate species. In the case of methane, a thickness of 
three layers might be sufficient to oxidize all molecules that diflRise through the zeolite layer to the 
electrode. 

4. Conclusions and Outlook 

It is demonstrated that a potentiometric hydrocarbon gas sensor using a sodium ion conductor and 
two different interdigital electrodes can be fiiUy manufactured using a low-cost production technology 
involving thick-film and electroplating techniques. As shown in this exploratory approach, the sensor 
output can be modified by several parameters, like Pt loading of the zeolite, thickness of the Cr203 
cover or thickness of the zeolite layer. The sensor output signal shows a maximum for a zeolite film 
thickness of about 50 |Lim (two layers). This effect has not been fiiUy understood, but the observations 
agree other literature results. 

There is ample room for fiirther investigations. The sensors used in this study were heated in a tube 
fiimace. In the fixture, it is aimed at adding a heater at the bottom side of the sensor to operate the 
sensor as a stand alone device. A miniaturization on a ceramic hot-plate (as shown in [34]) is another 
step for fiiture research. In addition, the sensor mechanism has to be studied more in detail, with respect 
to a variation of the zeolite and the influence of the Cr203 layer, as well as with special respect to 
diffusion and reaction processes that occur when gases pass through and get inside the zeolite layer. 
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